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DiffusionA number of studies have shown that receptors of the epidermal growth factor receptor family (ErbBs) exist as
higher-order oligomers (clusters) in cellmembranes in addition to theirmonomeric and dimeric forms. Character-
izing the lateral diffusion of such clusters may provide insights into their dynamics and help elucidate their func-
tional relevance. To that end, we used single particle tracking to study the diffusion of clusters of the epidermal
growth factor (EGF) receptor (EGFR; ErbB1) containing bound ﬂuorescently-labeled ligand, EGF. EGFR clusters
had a median diffusivity of 6.8×10–11 cm2/s and were found to exhibit different modes of transport (immobile,
simple, conﬁned, and directed) similar to that previously reported for single EGFR molecules. Disruption of actin
ﬁlaments increased the median diffusivity of EGFR clusters to 10.3×10–11 cm2/s, while preserving the different
modes of diffusion. Interestingly, disruption of microtubules rendered EGFR clusters nearly immobile. Our data
suggests that microtubules may play an important role in the diffusion of EGFR clusters either directly or perhaps
indirectly via othermechanisms. To our knowledge, this is the ﬁrst report probing the effect of the cytoskeleton on
the diffusion of EGFR clusters in the membranes of live cells.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
EGFR belongs to a family of four ErbB receptor tyrosine kinases that
play a key role in cell adhesion, motility, division, proliferation, survival
and death [1–3]. Since the overexpression of ErbBs and the dysregulation
of ErbB signaling networks have been implicated in cancer [3–5], ErbBs
and their signaling networks are important targets in anti-cancer thera-
py [1,2,5]. A signiﬁcant body of research has been performed to under-
stand ligand activation, conformational change, and signaling of the
ErbB family of receptors; however, a number of open questions remain
regarding the exact nature of ligand-activation, the dynamics of the
monomer–dimer transition, as well as the role played by the heteroge-
neous nature of the membrane [6]. Single molecule/particle tracking,
pioneered by Kusumi and coworkers, offers unprecedented insights
into understanding the dynamics of membrane proteins at the single
molecule level as well as the underlying heterogeneity of membranes
[7,8]. Although a number of studies on the diffusion of ErbBs have been
carried out using both single molecule [9–14] and ensemble averaging
(e.g., ﬂuorescence recovery after photobleaching) [15] techniques, the
diffusion of higher-order oligomers of ErbBs in live cells has not been
studied yet.
A number of recent studies have indicated that membrane proteins
exist in the form of higher order oligomers, sometimes referred to in the
literature as nanoclusters [16–18] and referred to as clusters in thisrights reserved.work. Evidence suggests that clusters of membrane proteins could be
important signaling units in several systems [19–25]. Of interest to us,
studies suggest that ErbBs also exist in the form of homo- or hetero-
associated higher-order oligomers or clusters [18,20,26–28], that
might even contain integrins [29,30]. For instance, it has been reported
that ErbB2, in addition to existing as dimers [31], could exist in different
forms ranging from smaller oligomers like tetramers [32] to large clus-
ters containing on the order of 101–103 proteins [20,27,33,34]. Such
ErbB clusters could be pre-existing [18,26–28,35], and ErbB ligands as
well as the local membrane composition [18,33,36] may inﬂuence the
size [18,27,37] and/or composition of clusters [35,38]. In addition,
ErbB clusters may distribute into distinct populations between
caveolae, lipid raft domains, and/or outside these domains [20,39],
and such domains might dynamically sequester ErbBs to act as activa-
tion regulators [40,41]. A recent report [27] revealed that a number of
factors such as cell-type, receptor expression, temperature, and experi-
mental techniques or conditions (e.g., ﬁxing or permeabilization) may
inﬂuence the properties of the cluster (receptor number, density, or
composition). These studies clearly suggest that clusters with varying
number of receptors coexist. However, ligand-induced clustering of
EGFR and other ErbB members seems to be a common phenomenon
in cells expressing these receptors at normal as well as oncogenic levels
[18,20,26–28,32,35].
As a ﬁrst step towards characterizing the functional relevance of
such clusters, we focused on the lateral diffusion of EGFR clusters in
the apical membranes of live cells. Overexpression of EGFR has been
implicated in several cancers including lung cancer [3–5]. We used
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line), which express EGFR, as a model system for our studies. Using
single particle tracking (SPT), we ﬁrst characterized the diffusion
of EGFR clusters in the presence of its ligand EGF (labeled with
Rhodamine). As noted above, clusters of ErbB receptors may contain
other ErbB members as well as other types of receptors. Due to the
inherent challenges in probing the composition of the clusters, which
would require the use of multiple labeled ligands while performing
single-particle tracking at higher temporal resolution, we focused only
on the EGFR molecules contained in the cluster in this initial study.
We found that EGFR clusters exhibited different modes of diffusion—
simple (Brownian), directed, and conﬁned.
In addition, we investigated the inﬂuence of the cytoskeleton on the
diffusion of EGFR clusters. Single molecule studies by Kusumi et al. [7]
suggest that the inﬂuence of cytoskeleton is stronger on higher-order
oligomers in comparison to that on monomers/dimers leading to the
“oligomer-induced trapping model”. Since ErbBs are involved in cell
motility and adhesion, an active role of cytoskeletal elements is some-
what expected and has been reported in the literature [42–45]. For
example, the high afﬁnity population of EGFR binds to actin and has
been shown to colocalize with F-actin [43], while EGF is also known to
increase actin polymerization and EGFR-F-actin association [46,47].
There is also an indication that different cytoskeletal elements (e.g., mi-
crotubule or actin) could play different roles in different regions of the
cell as demonstrated by the retrograde motion of EGFR in ﬁlopodia
[44]. To understand the inﬂuence of speciﬁc cytoskeletal elements, we
studied the effect of disruption of actin ﬁlaments and microtubules on
the diffusion of EGFR clusters. SPT indicated that the diffusivity of clus-
ters increased with the disruption of actin ﬁlaments. On the other hand,
with the disruption of microtubules the mobility of a large fraction of
clusters signiﬁcantly reduced and was below our positional accuracy.
Our study points to an important inﬂuence ofmicrotubules on the diffu-
sion of EGFR clusters.
2. Materials and methods
2.1. Reagents
NCI-H292 were obtained from American Type Culture Collection,
USA. Rhodamine-EGF, Oregon Green-EGF, unlabeled EGF, Alexa Fluor
555 succinimidyl ester, Texas Red succinimidyl ester, and CellMask™
Deep Red plasma membrane stain were acquired from Invitrogen,
USA. Anti-EGFR Ab11 antibody was obtained from ThermoFisher, USA.
Rhodamine-EGF was purchased in the form of lyophilized powder
(lyophilized from PBS, pH 7.2 containing 1% BSA) and reconstituted
according to the manufacturer's instructions. Unlabeled EGF and Ab11
Fab fragments (generated from digesting Ab11) were ﬂuorescently
conjugated with either Alexa Fluor 555 or Texas Red succinimidyl
ester according to the manufacturer's instructions. Latrunculin A was
purchased from Enzo Life Sciences and Nocodazole was purchased
from Sigma-Aldrich, USA.
2.2. Cell culture and staining
NCI-H292 cells were cultured and maintained in RPMI 1640 media
(containing 10% FBS and supplemented with 100 U/ml of penicillin
and 100 μg/ml of streptomycin), referred to here as R10, at 37 °C in
a humidiﬁed 5% CO2 incubator. For live-cell imaging, cells were seed-
ed in a 35 mm diameter glass-bottom petri dish and grown overnight.
Overnight plated cells were incubated in R5 media (95% RPMI 1640
without Phenol Red+5% FBS+100 U/ml of penicillin+100 μg/ml
of streptomycin) for 1 h followed by a staining step in which cells
were incubated in 200 μl of R5 containing 500 ng/ml of Rhodamine-
labeled EGF (Rhod-EGF) for 30 min. Cells were then washed twice
before imaging. Imaging was done in R10 media containing 25 mM
HEPES at 37 °C in a CO2-free environment. For Fluorescence RecoveryAfter Photobleaching (FRAP) experiments, cells were plated and
grown overnight to about 30% conﬂuency on a 35 mm diameter
glass-bottom petri dish. Cells were stained with CellMask™ Deep
Red plasma membrane stain (≈5 μg/ml of R10 media) for 15 min
followed by thorough washing (three times) with Phenol Red-free
RPMI prior to imaging.
2.3. Drug treatment
To study the effect of disruption of actin or microtubules on the dif-
fusion of EGFR clusters, cells were pre-treated with cytoskeleton
depolymerizing drugs before imaging. Cells pre-stained with Rhod-
EGF were incubated with 1 ml of R10 media containing either 1 μM
latrunculin A (latA; depolymerizes actin ﬁlaments) or 10 μMnocodazole
(noco; depolymerizesmicrotubules) at 37 °C in themicroscope chamber
for 10 min (Supplementary material). Imaging and SPT of Rhod-
EGF-bound EGFR clusters in the apical membranes of cells were done
in the same media for an additional 20 min.
2.4. Fluorescence imaging
Cells stained with Rhod-EGF were imaged with a wide-ﬁeld epi-
ﬂuorescence Nikon TI inverted microscope using a Plan Apo 100×
oil-immersion objective lens (NA 1.4). Data acquisition and post-
acquisition tracking was performed using the Image Pro™ software.
2.5. Fluorescence recovery after photobleaching
FRAP experiments were performed on a Zeiss LSM 510 Meta NLO
confocal microscope to probe the mobility of lipids in the membrane
using CellMask™, which stains the cell membranes. Imaging was done
at 37 °C and in R10 media containing 25 mM HEPES. A circular spot
with a radius of about 2 μm was chosen on the basal membrane of
NCI-H292 cells for photobleaching using 633 nm HeNe laser at 100%
power. Image acquisition was done using the same 633 nm laser at 5%
power. Image acquisition scheme was (1) ten frames pre-bleach,
(2) photobleaching, and (3) 110 frames post-bleach. Both pre-bleach
and post-bleach image acquisitions were done at 1 fps. For the control
experiments, imaging was performed immediately after staining and
washing. To probe the effect of 10 μMnocodazole, cells were incubated
for about 10 min withmedia containing the drug after the staining and
washing step prior to FRAP experiments. FRAP was done in the same
media after the initial 10 min. FRAP was performed for approximately
20 different regions (of different cells) for each condition (control
and nocodazole-treated). Images were analyzed with Fiji image-
processing software. The normalized recovery curves (f(t)) for each
condition (control or nocodazole-treated) were averaged and the
averaged-curve was ﬁtted to a theoretical solution (Eq. (1)) for
diffusion-based recovery into a circular region of radius r [48]
f tð Þ ¼ A exp −2τD
t
 
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t
 
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2τD
t
  
; ð1Þ
where A is the maximum recovery, I0 and I1 are modiﬁed Bessel func-
tions, τD=r2/4D is the characteristic diffusion time and D is the diffu-
sion coefﬁcient.
3. Results
3.1. EGF-bound EGFR exists in clusters
Using the wide-ﬁeld epi-ﬂuorescence microscopy, we imaged
Rhod-EGF-bound EGFR in the apical membranes of NCI-H292 cells.
EGFR molecules typically appeared as diffraction-limited spots
(Fig. 1A). The colocalization of an anti-EGFR Fab (labeled with Alexa
Fluor 555) and EGF (labeled with Oregon green 514) conﬁrmed the
Fig. 1. Brightness analysis of EGFR/Rhodamine-EGF clusters in the apicalmembranes of NCI-H292 cells. Cells were treatedwith Rhodamine-EGF at 500 ng/ml for 30 min followed by two
washes before imaging. (A) EGFR clusters are seen as diffraction limited spots (marked by white arrows). (B) Distribution of number of Rhodamine-EGF molecules present in a cluster
obtained by normalizing the intensity value of the cluster with the mean value of intensity for single Rhodamine-EGF molecule. This number represents the minimum number of
EGFR molecules that are present in the cluster. (C) Median (dark bars) and mean (grey bars) number of EGFR molecules present in the cluster. Bars represent the standard deviation
in the number of EGFR molecules per cluster.
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carried out brightness analysis experiments to characterize the distri-
bution of the number of Rhod-EGF ligands bound per EGFR cluster on
the cell. For brightness analysis, single Rhod-EGF molecules conﬁned
between two cover slips were imaged using a 100× objective at 100%
lamp intensity with one of the neutral density ﬁlters (ND8) open at
high enough exposure time to image single molecules. Ligand-bound
EGFR clusters on stained cells were then imaged under the same optical
settingswith a lower exposure time. Since all other optical settingswere
kept the same for imaging single Rhod-EGF molecules and the
Rhod-EGFmolecules bound to EGFR clusters on the cell, we could obtain
the number of Rhod-EGF molecules in a single cluster (NEGF) using
NEGF ¼
IclustertexpðEGFÞ
IEGFtexpðclusterÞ
; ð2Þ
where, Icluster and IEGF are the ﬂuorescence intensities of the cluster
(Rhod-EGF bound EGFR) and single Rhod-EGF molecules respectively,
and texp(cluster) and texp(EGF) are the total exposure times used to image
the cluster and single Rhod-EGF molecule respectively. Since it is possi-
ble that someof the EGFRmolecules in the cluster have no EGF bound to
them, the number of Rhod-EGF molecules obtained by brightness anal-
ysis represents the minimum number of EGFR molecules in the cluster.
Our results show the existence of higher order oligomers, or clusters of
EGF/EGFR, consistent with observations in the literature [18,20,26–28],
with a broad distribution in the number of Rhod-EGF molecules per
cluster (Fig. 1B). Fig. 1C represents the median and mean number ofRhod-EGF molecules in the cluster when cells were imaged under
different experimental conditions.
3.2. Diffusivity of EGFR clusters is similar to that of ligand-bound
EGFR-dimer
We used SPT to characterize the mobility of Rhod-EGF bound EGFR
clusters in the apical membranes. For the diffusion measurements,
ligand-bound EGFR clusters were tracked using a 100× objective at
50–100% lamp intensity with the ND8 open and the exposure times
set to either 100 or 150 ms. Using the centroid-method, individual clus-
ters were ﬁrst identiﬁed and then tracked at a temporal resolution of ca.
370 ms (tlag) for 40 frames. To account for the fact that ligated-EGFR
(EGF-bound EGFR) at 37 °C can get endocytosed, we focused on only
those clusters that were in the apical membrane throughout our single
particle tracking experiments. The clusters that went out of focus, most
likely due to endocytosis, during the tracking processwere not included
in the analyses. Since the EGFR clusters are sub-diffraction-limit spots, it
is critical that the positional accuracy be determined prior to analyzing
the tracks. Although single molecules or particles in the membrane
surface are smaller than the diffraction limit, positional accuracies
in the range of≈10 nm or less have been reported [49]. To determine
the positional accuracy, we ﬁrst immobilized 100 nm ﬂuorescent
microspheres between two cover slips using 30% polyacrylamide
gel. These particles were then tracked for 100 frames at ca. 370 ms
between frames. A total of 28 particles were tracked and their positions
((x,y) values) as a function of time were averaged (over the 100
frames) after setting the starting location of each particle to (0,0). The
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13.9±0.97 nm (S.E.M.) in y leading to an accuracy of dmin=ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
152 þ 142
p
≈21 nm in the displacement in a 2D plane. Thus, the low-
est diffusivity that could be detected under the current experimental
setup was estimated to be Dmin=〈dmin2 〉/4tlag≈3.0×10–12 cm2/s. We
used a more stringent criterion for the diffusivity cut-off—i.e. the
lowest value of the diffusivity that could be accurately determined—
based on a value of dmin that was three times the positional accuracy
(≈63 nm)−Dmin≈2.7×10–11 cm2/s.
Mean-squared displacements (MSDs) of the Rhod-EGF-bound EGFR
clusters were calculated from the tracks (x,y) obtained using SPT by,
MSD ntlag
 
¼ 1
N−n
XN−n
i¼1
xiþn−xi
	 
2 þ yiþn−yi	 
2
 
; ð3Þ
where N is the total number of frames used (40 in this study) and n*tlag
is the time over which displacements were averaged [50]. Diffusivity
values, designated as D1–3, were calculated using a method proposed
by Kusumi [51]. Here, D1–3 was obtained based on a straight line ﬁt
(4D1–3tlag) to the plot of MSD(n*tlag) vs. tlag using only three MSD data
points corresponding to time values of tlag, 2tlag and 3tlag. The distribu-
tion of D1–3 values for the cells in growth media (control) is shown
in Fig. 2A. Only the tracks with D1–3 values greater than the Dmin
(≈2.7×10–11 cm2/s) were considered to represent mobile clusters.
The values of D1–3 range from ≈3–112×10–11 cm2/s with a median
value of 6.8×10–11 cm2/s (Table 1). Although there is a wide distribu-
tion of D1–3 values, most values (≈85%) seem to be lower than
10×10–11 cm2/s indicating that the diffusivity of most EGFR clustersFig. 2. Lateral diffusion of EGFR clusters on apical membranes. (A–C) Distribution of 2D diffu
the values of D1–3 (>90%) were within this range. The vertical dashed line shown at 2.7×10–
of lateral displacements (x–y) by EGFR clusters in a single time window (≈370 ms) of acqu
number of tracks that show lateral displacements above three times our positional accuracy
to 112.1×10–11 cm2/s. (B and E) Cells were imaged in growth media containing 1 μM latrun
in growth media containing 10 μM nocodazole; D1–3 values ranged from 3.0 to 65.5×10–11is within a narrow range of values. Recent single-molecule studies
place the diffusivity for the case of single unliganded EGFR molecule
at 23±2×10−11 cm2/s [10] or 50×10−11 cm2/s [9] and for the case
of ligand-bound EGFR-dimer at 5×10–11 cm2/s [10]. It was proposed
that the lower value for ligand-bound EGFR indicates the diffusivity of
the whole signaling complex. Our data suggests that the diffusivity of
ligand-bound EGFR clusters (containing tens of ErbB1 receptors,
Fig. 1C) is similar to that previously reported for a ligand-bound EGFR
dimer. This result indicates that the diffusion of EGFR in the apical
membranes is consistent with the Saffman–Delbrück model [52],
which predicts that the diffusivity of a membrane protein has a weak
dependence on the size of the protein(s).3.3. EGFR clusters show various modes of diffusion
Single particle tracking allowed us to probe the diffusion behavior
of individual EGFR clusters. Membrane proteins have been shown to
exhibit other modes of diffusion such as directed and conﬁned modes
in addition to simple (Brownian) diffusion; however, few of these stud-
ies have characterized the transport of membrane protein clusters. In
directed diffusion, the particle shows uniform motion in one direction
superimposed on a Brownian diffusion while conﬁned diffusion is
when the particle appears to be diffusing in a conﬁned region smaller
than that explored by a particle undergoing Brownian diffusion. Both
these diffusion modes become well deﬁned at longer time scales. We
observed that the MSD plots of the EGFR clusters were also indicative
of various diffusive modes. Representative MSD plots and tracks for
each of these modes are shown in Fig. 3.sivity values, D1–3 for the EGFR clusters in the range of 0–35×10–11 cm2/s. A majority of
11 cm2/s indicates our cutoff for diffusivity, Dmin≈2.7×10–11 cm2/s. (D–F) Distribution
isition. The vertical dashed line shown at 63 nm in the displacement is to indicate the
(≈21 nm). (A and D) Cells were imaged in growth media; D1–3 values ranged from 3.0
culin A; D1–3 values ranged from 2.8 to 123.3×10–11 cm2/s (C and F) Cells were imaged
cm2/s.
Table 1
Comparison of median diffusivity values for all diffusion modes under different media conditions. Ndata is the total number of data points collected, whereas “all modes” include data
points with D1–3 values above our minimum diffusivity cut-off.
Diffusion mode Growth media 1 μM Latrunculin A 10 μM Nocodazole
No. of particles D1–3 (10−11 cm2/s) No. of particles D1–3 (10–11 cm2/s) No. of particles D1–3 (10–11 cm2/s)
Ndata 143 – 107 – 116 –
All modes 59 6.8 84 10.3 10 3.4
Simple 44 6.8 69 9.6 9 3.5
Directed 8 16.7 9 28.3 1 3.2
Conﬁned 7 5.2 6 8.1 0 –
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modes using the relative deviation (RD) method proposed by
Kusumi [51]. Based on this method, tracks that are considered
mobile (i.e., D1–3>2.7×10–11 cm2/s) were further categorized into
simple, directed and conﬁned modes. RD is deﬁned as the ratio be-
tween the actual MSD value at a longer time and the MSD predicted
for the same time point based on D1–3 (obtained using only the MSD
values for tlag, 2tlag and 3tlag) and given by
RD N;nð Þ ¼ MSD N;nð Þ
4D1−3 ntlag
  ð4Þ
where N (=40) is the total number of frames used and n (=10) corre-
sponds to the time n*tlag in MSD vs tlag. Statistically, diffusion tracks
corresponding to Brownian diffusion can also appear to undergo con-
ﬁned or directed diffusion. In order to determine if the tracks showing
a mode other than Brownian diffusion in experiments are real and
statistically signiﬁcant, a large number of Brownian diffusion tracksFig. 3. Typical x–y tracks of the EGFR cluster obtained using Single Particle Tracking and
corresponding mean-squared displacement curves (solid circles) for (A) simple diffusion
(B) directeddiffusion and (C) conﬁned diffusion. The solid line represents a linearﬁt to the
ﬁrst three data points. The solid line has been extended up to the 10th data point to dem-
onstrate that MSD values deviate from a straight line for modes other than Brownian
diffusion.were ﬁrst generated using computer simulations. If the RD(40,10)
value (Eq. (4)) for a track from experiments was greater than the top
2.5% of RD from simulations, the track was considered to undergo
directed diffusion [51]. On the other hand, if the RD(40,10) value
(Eq. (4)) for a track from experiments is smaller than the bottom 2.5%
of RD from simulations, the track is considered to undergo conﬁned dif-
fusion [51]. The remaining tracks, with RD values that fell within the
95% interval of RD(simulations), were considered to represent simple
(Brownian) diffusion. The statistics of D1–3 values corresponding to
each of these modes is shown in Table 1. For the tracks that followed
directed diffusion, MSD proﬁles were ﬁtted to
MSD ¼ 4D1−3tlag þ v2t2lag; ð5Þ
where, v is the velocity of the cluster undergoing directed diffusion [50].
Similarly, for the tracks that followed conﬁned diffusion, MSD proﬁles
were ﬁtted to
MSD ¼ L
2
3
1− exp −
12D1−3tlag
L2
  
; ð6Þ
where L2 is the area of the conﬁnement in which the cluster is diffusing
[51]. We found that the velocities ranged from≈69 to 174 nm/s for the
tracks showing directed diffusion and the conﬁnement domain ranged
from≈0.05 to 0.68 μm2 for tracks showing conﬁned diffusion under
the conditions of growth media (control).
3.4. Disruption of actin cytoskeleton increases the mobility of EGFR
clusters
The inﬂuence of the actin cytoskeleton on the diffusion of EGFR clus-
ters was studied by treating the cell with 1 μM latrunculin A (latA) to
disrupt the actin ﬁlaments (Supplementary Fig. S2). Using brightness
analysis we characterized the median number of Rhod-EGF molecules,
i.e. the minimum number of EGFR molecules, in the cluster after the
disruption of actin ﬁlaments (Fig. 1C). Disruption of actin ﬁlaments
increased the median value of D1–3 from 6.8×10–11 cm2/s (growth
media, control) to 10.3×10–11 cm2/s (≈50% increase) as shown in
Fig. 2B and Table 1. This result is consistent with recent evidence
suggesting that the mobility of EGFR dimers increases when actin is
disrupted [10]. Interestingly,we observed the existence of both directed
diffusion and conﬁned diffusion even when actin ﬁlaments were
disrupted (Table 1). When the actin ﬁlaments were disrupted, tracks
with directed diffusion had velocities that ranged from≈57 to
306 nm/s and those tracks with conﬁned diffusion had conﬁnement
areas that ranged from≈0.12 to 0.59 μm2. There is a slight effect on
the velocity and the conﬁnement area due to the disruption of actin
ﬁlaments. However, the presence of different modes of diffusion
much similar to that for the control (without any disruption of actin
ﬁlaments) suggests that the primary effect of the actin cytoskeleton is
restricted to the value of the diffusivity.
Fig. 4. FRAP experiments performed in a ≈2 μm radius circular region on the basal
membrane of NCI-H292 cells stained using CellMask™ Deep Red plasma membrane
stain. Recovery of ﬂuorescence after photobleaching is shown against time for (A) cells
imaged in growth media (control) and (B) cells imaged in media containing 10 μM
nocodazole. The error bars are standard deviations obtained from n>15 FRAP experi-
ments for each media condition.
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clusters
The inﬂuence of microtubules on the diffusion of EGFR clusters was
studied by treating the cells with 10 μMnocodazole to disrupt microtu-
bules (Supplementary Fig. S3). Disruption of microtubules, in contrast
to that of actin ﬁlaments, caused most of the clusters to be immobile
(i.e., Dminb2.7×10–11 cm2/s). The distribution of diffusivity values
under this condition is shown in Fig. 2C and the statistics for D1–3 are
listed in Table 1. The median value of D1–3 following the disruption of
microtubules was≈3.4×10–11 cm2/s, half that of control. There were
no tracks that showed conﬁned diffusion and only one track that
showed directed diffusion with a much lower D1–3 value in comparison
to the control. We also tried experiments where both actin and micro-
tubules were disrupted by simultaneous treatment with latA and
noco. Such a treatment resulted in diffusivity values that were slightly
higher than those for microtubule disruption alone (Supplementary
Table S1).
Using brightness analysis we characterized the median number of
Rhod-EGF molecules, i.e. the minimum number of EGFR molecules in
the cluster after the disruption of microtubules (Fig. 1C). As noted
earlier, there is a broad distribution in the size of clusters for each of
the three different experimental conditions (control, latA-treated,
noco-treated) as seen from the error bars in Fig. 1C. Nevertheless, a
comparison of distributions using the Kolmogorov–Smirnov (KS) test
did not show a signiﬁcant difference between the distributions for
latA-treatment and noco-treatment. Thus, the signiﬁcant decrease in
the mobility of clusters following noco-treatment (Fig. 2C and
Table 1) does not correlate with the number of bound ligands (Fig. 1C).
In order to test whether the viscosity of the cell membrane was
affected by the treatment with noco, we probed the mobility of
CellMask™ dye, which stains the plasma membrane. Using FRAP
methodology, we bleached a small circular region (r≈2 μm) of
CellMask™-stained plasma membrane and observed the ﬂuorescence
recovery of the dye. The normalized recovery curves for control
(growth media) and nocodazole-treated (10 μM) cells are shown in
Fig. 4. The ﬂuorescence recovery curves in the case of control and
nocodazole-treated cells are very similar. This result suggests that
the large reduction in the mobile fraction of EGFR clusters following
noco-treatment is not due to a signiﬁcant change in the viscosity of
the cell membrane.
We further combined the data from all of the tracks and calculated
the distribution of lateral displacements shown by the clusters in one
time window (i.e. tlag); the results are shown in Fig. 2(D, E, and F) for
the three treatment conditions (control, latA and noco). In the case of
the control, ≈50% tracks showed a lateral displacement of >63 nm
(three times our positional accuracy and the displacement cut-off we
used to categorize tracks as mobile, shown as dashed line). On the
other hand, latA-treated cells had ≈85% of the tracks with lateral dis-
placement >63 nm consistent with the increased median D1–3 value
after the disruption of actin. Finally, nocodazole-treated cells showed
only ≈10% tracks with lateral displacements >63 nm, consistent with
a signiﬁcant decrease in the fraction of mobile clusters. Therefore,
comparison of the distribution of lateral displacements for the three
conditions conﬁrms that the disruption of microtubules signiﬁcantly
lowers mobility in contrast to the disruption of actin ﬁlaments, which
increases the mobility.
4. Discussion
Using single particle tracking we characterized the diffusion of
Rhod-EGF bound EGFR clusters in the cellmembrane.We further charac-
terized the effect of cytoskeletal elements on the diffusion of EGFR
clusters using cytoskeleton-disrupting drugs. Cells imaged in the growth
media (control) showed that about 41% of clusters under observation
were above our diffusivity cut-off limit based on the experimentaldetection limit (≈63 nm in displacement and Dmin≈2.7×10–11 cm2/s
in diffusivity). These mobile EGFR clusters showed different modes of
transport, including simple (Brownian) diffusion, directed motion, and
conﬁned diffusion with an overall median D1–3≈6.8×10–11 cm2/s. Dis-
ruption of actin increased the fraction ofmobile clusters to≈79% and the
median D1–3 to≈10.3×10–11 cm2/s (≈50% increase compared to con-
trol), whereas the disruption of microtubules nearly eliminated the mo-
bility of EGFR clusters by reducing the fraction of mobile clusters to≈9%
and the median D1–3 to≈3.4×10–11 cm2/s (≈50% decrease compared
to control).
Disruption of actin ﬁlaments has been shown to increase the diffu-
sivity of single EGFR molecules [9,10]. However, it is interesting to see
a similar effect on the EGFR clusters. EGFR is known to exist in the cell
membrane as two populations with different afﬁnities to EGF
[31,53,54] but the high-afﬁnity population (≈10% [31]) is known to
predominantly bind actin [43,45]. There are reports that integrins
and ErbB receptors could co-cluster depending on the type of growth
factor [55] or cell line [30]. Furthermore, disruption of actin ﬁlaments
has been shown to increase the avidity of integrins due to enhanced
lateral diffusion/clustering [56]. In light of these studies, we hypothe-
size that the disruption of actin ﬁlaments could have released some
constraints on the EGFR and/or on the integrins that might be part
of EGFR clusters. This results in increased diffusivity of the clusters,
but does not necessarily change the overall behavior of the clusters
including the fractions that undergo different modes of diffusion.
425M. Boggara et al. / Biochimica et Biophysica Acta 1828 (2013) 419–426As for the effect of disruption of microtubules on the EGFR clusters,
we note the signiﬁcant reduction in the diffusivity ofmost EGFR clusters
suggests that microtubules play an important role in the diffusion of
EGFR clusters. Our data for control (growth media) conditions show
that only a fraction of EGFR clusters exhibit directed motion. Disruption
of microtubules clearly affected those exhibiting directed motion
(Table 1) suggesting that the direct association between EGFR clusters
and microtubules could have been affected. However, disruption of
microtubules also signiﬁcantly affected simple diffusion suggesting
that besides the disruption of direct association between EGFR clusters
and microtubules, other mechanisms could be involved. A study on
adenylyl cyclase signaling components suggested that disruption of
microtubules could facilitate the redistribution of caveolae/lipid raft-
dependent proteins and the formation of signaling complexes [57,58].
Some population of EGFR in themembrane has been shown to be asso-
ciated with both caveolae and lipid rafts [20]. Disruption of microtu-
bules may have disrupted the association between caveolae rafts and
microtubules, thereby affecting EGFR-associated signaling complexes
in themembrane. On the other hand, early events after EGF stimulation,
such as autophosphorylation, interaction with other signaling proteins
and endocytosis have been shown to be associated with signiﬁcant
microtubule reorganization in HeLa cells [59]. It is possible that the dis-
ruption of microtubules could have disrupted early signaling events
(and the protein machinery involved in the signaling) associated with
EGFR, a mechanism observed in a recent study on cAMP receptor [58].
Understanding themechanistic basis of the observed reduction in diffu-
sivity will be the focus of our future work.
To our knowledge, this is the ﬁrst study of the dynamics of EGFR
clusters in live cells and of the effect of cytoskeletal elements on such
dynamics. Our data suggests that the diffusion of EGFR clusters is
consistent with the Saffman–Delbrück model [52] for the diffusion of
membrane proteins. Furthermore, EGFR clusters were found to exhibit
different modes of diffusion (simple, directed, and conﬁned) much
like those seen for single molecules. Actin-disruption increased the
diffusivity while retaining different modes of diffusion suggesting a
regulatory role for actin. Disruption of microtubules nearly abolished
themobility of the EGFR clusters, suggesting a key role for microtubules
in the diffusion of EGFR clusters in the membranes and necessitating
more detailed biochemical studies in the future.Acknowledgements
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